Ultralow-field nuclear magnetic resonance (NMR) provides a new regime for many applications ranging from materials science to fundamental physics. However, the experimentally observed spectra show asymmetric amplitudes, differing greatly from those predicted by the standard theory. Its physical origin remains unclear, as well as how to suppress it. Here we provide a comprehensive model to explain the asymmetric spectral amplitudes, further observe more unprecedented asymmetric spectroscopy and find a way to eliminate it. Moreover, contrary to the traditional idea that asymmetric phenomena were considered as a nuisance, we show that more information can be gained from the asymmetric spectroscopy, e.g., the light shift of atomic vapors and the sign of Landé g factor of NMR systems.
Introduction.-Nuclear magnetic resonance (NMR) is a fundamental exploratory tool in detecting, identifying, and quantifying information about the atoms and molecules [1] . With the advent of hyperpolarization methods [2] [3] [4] , detection schemes using atomic magnetometers [5] [6] [7] [8] or superconducting quantum interference devices (SQUIDs) [9] and quantum control techniques [10] [11] [12] [13] [14] [15] , ultralow-field NMR has been developed as an alternative magnetic resonance modality [16] [17] [18] [19] [20] [21] [22] . Atomic magnetometers are an ideal tool because, in contrast to SQUIDs, they do not require cryogenically cooling. Recent works using atomic magnetometers in ultralow-field NMR spectroscopy have been extensively reported in Refs. [21] [22] [23] [24] . Ultralow-field NMR experiments regularly achieve nuclear spin coherence times longer than ten seconds [25, 26] , and thus can be used for chemical fingerprinting and precise measurement of nuclear spin-spin couplings [21, 25, 27] . Very recently, ultralow-field NMR has attracted renewed interest for application in fundamental physics, such as searches for molecular chirality [28] , ultralight axions and axion-like particles [29] and nuclear spin-gravity coupling [30] .
Standard ultralow-field NMR theory has been developed to analyse the spectroscopy [19, 22, 31] , i.e., predict the frequencies and amplitudes of resonant peaks. However, researchers are disconcerted to find that ultralowfield NMR spectra of even a sample as simple as formic acid (containing 13 C-1 H spin pairs) experimentally suffer from asymmetric amplitudes, differing greatly from those predicted by the standard theory [30, 32, 33] . Thus, there is an urgent need to understand the asymmetric amplitude phenomena in ultralow-field NMR spectra.
In this Letter, we provide a comprehensive model for interpreting the asymmetric effect by investigating the asymmetric amplitude phenomena in ultralow-field NMR spectroscopy, where a class of unprecedented asymmetric phenomena are also present. We further find that the asymmetric phenomena can be completely eliminated when the external magnetic field is carefully chosen, as observed experimentally. Moreover, the asymmetric spectroscopy can surprisingly impart additional information, including the light shift of atomic vapors and the sign of Landé g factor of NMR systems.
Asymmetric spectra in ultralow-field NMR.-A liquidstate n-spin system at a magnetic field can be described by the Hamiltonian
where J ij is the strength of the scalar spin-spin coupling (J coupling) between the ith and jth spins, I j = (I jx , I jy , I jz ) represent the jth spin with gyromagnetic ratio γ j , and the reduced Planck constant is set to one. At zero magnetic field, eigenstates are also eigenstates of f 2 and f z , where f are the total angular momentum, and are denoted as |f, m f . In the presence of a perturbing magnetic field, eigenstates are approximately those of the Hamiltonian described in Eq. (1) at zero field, and energies can be calculated with degenerate perturbation theory [22, 31] . The ultralowfield NMR spectrometer used in our experiments is similar to the apparatus in Refs. [22, 34] and is depicted in Fig. 1(a) . Liquid-state NMR samples are contained in 5-mm NMR tubes, and pneumatically shuttled between a prepolarizing magnet (B p ≈ 1.3 T) and a rubidium ( 87 Rb) vapor cell. During the transfer, a guiding magnetic field (∼ 1 G) is applied along the y axis, and is abruptly switched off within 10 µs prior to signal acquisition. In the high-temperature approximation, the initial spin state is ρ 0 = 1/2 n (1 + j j I jy ) with 
, where k B is the Boltzmann constant, and T is the temperature of the sample. The initial spin state then evolves under the Hamiltonian in Eq. (1), and generates a magnetization with component M ζ (t) along ζ axis (ζ = x, y, z). The magnetization is detected with a spin-exchange relaxation-free atomic magnetometer [6, 7] (sensitivity ≈ 25 fT/ √ Hz), and Fourier transformed to the NMR spectrum of the sample.
We experimentally investigate the ultralow-field spectra of typical 13 CH n systems. In such systems, n equivalent proton spins couple to a carbon spin with the same strength J. Figure 1(b) shows the experimental spectra of formic acid, a doublet centered at J ≈ 222.2 Hz, where the characteristic of asymmetric amplitudes is obvious. Taking acetic acid as a 13 CH 3 example to illustrate, the corresponding spectra of the k = 1/2 manifold, centered at J ≈ 129.5 Hz, is same with the case of formic acid. We focus on the k = 3/2 manifold, in which the six lines centered at 2J ≈ 259.0 Hz can be divided into three pairs, and each pair consists of two transitions
FIG. 2: (color online). Energy levels for
13 CHn systems and the corresponding spectra predicted from the standard theory (see also Refs. [22, 31] ). Quantum number k is the total angular momentum of n equivalent proton spins. The system contains a manifold with k = 1/2 for n = 1, a manifold with k = 1 for n = 2, and two manifolds with k = 1/2 and k = 3/2 for n = 3.
of |2, m f ↔ |1, m f + 1 and |2, −m f ↔|1, −m f − 1 , where m f = −2, −1, 0. These three pairs of NMR lines show asymmetric amplitudes. The asymmetric phenomena are not limited to the 13 CH n systems. Figure 1 (c) shows the asymmetric spectra experimentally measured in a more complex spin system (fully labeled acetonitrile) which demonstrates the asymmetric phenomena is ubiquitous for ultralow-field NMR in this kind of setup. However, for these systems, the NMR spectral asymmetry is significantly inconsistent with the theoretical predictions, as shown in Fig. 2 . Even considering high-order corrections to the eigenstates which introduce some asymmetry, it still cannot account for the experimental data.
To investigate the origin of the asymmetric phenomena, we restrict our attention here to formic acid as the simplest example of general phenomena. We define an amplitude ratio of the doublet, η = (Amp 1 − Amp 2 )/(Amp 1 + Amp 2 ), as a metric of the asymmetry. Here, Amp 1 and Amp 2 are the amplitudes of the peaks at lower frequency and higher frequency, respectively. The asymmetric ratios η are plotted as a function of magnetic fields, as shown with the blue circles in Fig. 3 . We find that the asymmetry of the doublet shows strongly dependence on the applied magnetic field. For example, in the left inset of Fig. 3 , the amplitude of the peak at lower frequency is smaller than that of the peak at higher frequency when B z = −146 nT. We call this phenomena as negative asymmetry (i.e., η < 0), and on the contrary we call it as positive asymmetry (i.e., η > 0). When B z = 29 nT, the doublet exhibit positive asymmetry in the middle inset of Fig. 3 . As described in the Supplemental Material [35] , we also examine the asymmetry in acetic acid and the experimental results are similar with the case of formic acid. We now make three observations on the plot of η as a function of magnetic fields. (1) The plot has two cross points (e.g., B z = 0 and B z ≈ 43.7 nT in Fig. 3 ) with η = 0, in which the corresponding spectra are symmetric. At the zero-field cross point, the spectrum corresponds to the zero-field NMR, which is trivially symmetric for only a single peak is observed. The non-zero cross point corresponds to a specific magnetic field, which allows for symmetric ultralow-field spectra. Further discussions are presented in below. (2) The plot is divided into three regions by the two cross points. The spectral doublet have same asymmetry in the regions I and III, and have opposite asymmetry in the region II. (3) The ultralow-field spectra of samples (e.g., formic acid, formaldehyde) tend to exhibit negative asymmetry in the regions I and III. We now present a comprehensive model (with a critical consideration of the magnetometer's frequency response) to interpret the above-mentioned asymmetric phenomena.
A comprehensive model for explaining asymmetric spectroscopy.-To explain the asymmetric NMR spectra, we firstly consider the effect of the amplitude-frequency and phase-frequency responses of the atomic magnetometer [6, 33, 35, 36] . Recently, the phase-frequency response was used to correct the phase of zero-field NMR spectra [21] , and compensate the phase difference between two magnetometer channels [33] . Application of a magnetic field B z makes the atomic magnetometer simultaneously sensitive to fields along the x and y axes [35] . This has been applied to realize a vector atomic magnetometer [37] . Here, we demonstrate that the phasefrequency response is different along the x and y axes depending on the magnetic field B z . This point is ignored until we recognize that it is crucial for explaining the asymmetric NMR spectra (see below). We denote the amplitude-frequency response along ζ axis as A ζ (ν, B z ) and the phase-frequency response as Φ ζ (ν, B z ). In the following discussion, a more careful analysis shows that A ζ (ν, B z ) and Φ ζ (ν, B z ) are key to explaining experimental asymmetric spectra.
We then calculate the magnetization signals generated by the NMR system. Calculating the spin magnetization evolution under the Hamiltonian as described in Eq. (1) 
+c.c.,
where θ 1 = π/2, and θ 2 = −π/2. With taking the amplitude-frequency response A ζ (ν, B z ) and phase-frequency response Φ ζ (ν, B z ) of the atomic magnetometer, the magnetometer signal is proportional to
+ c.c.,
where
.
Therefore, each NMR peak of the formic acid doublet at the frequency ν i is the interference between the magnetometer's response of the spin magnetization along x and y axes. As such, the interference effect causes the asymmetry of the doublet peaks of formic acid. Moreover, A ζ (ν, B z ) and Φ ζ (ν, B z ) vary with the magnitude of the external magnetic field B z , and thus the asymmetric ratio of doublet peaks varies with the magnitude of the external magnetic field B z . Using the experimental data [35] of A ζ (ν, B z ), Φ ζ (ν, B z ) and κ, we calculate the spectral asymmetric ratios with respect to the magnetic field, as shown in Fig. 3 . The experimental results are in good agreement with the theoretical calculations by Eq. (2). Therefore, from these experimental results, our model clearly provides the explanation of the origin of the asymmetric amplitude phenomena in ultralow-field NMR spectroscopy. The model presented above can be generalized to general quantum sensors. Ordinarily, the standard process of quantum mechanics treats a quantum sensor as an observable operator, and then focus on the dynamics of the detected quantum system. However, quantum sensors, such as SQUIDs [9] and nitrogen-vacancy centres [38] , have frequency responses to the oscillating signals generated by detected systems [5, 39] . The normal observable operator has no ability to include the effect of the frequency response of quantum sensors. Here we show that the effect of frequency response is effectively equal to modifying the observable operator by applying specific operations. For example, the normal observable operator is the spin angular moment I y , which corresponds to the observation of y magnetization. After introducing the phase-frequency response, the effective observable operator is the one after rotating I y with Φ y (ν, B z ) angle around z axis [35] .
Based on the model presented here, the asymmetric amplitude phenomena can be eliminated with applying a specific magnetic field (namely magic field, B magic ). We verify that the magic field has same magnitude and but opposite direction with the light shift of atomic vapor [40] . This actually suggests a method to measure the light shift of atomic vapor. When the field is set at the magic field, the light shift compensates the external magnetic field to effective zero field for the 87 Rb atoms in vapor. In this condition, the amplitude-frequency response A x (ν, B magic ) ≡ 0 at any frequencies [35] , which results in the symmetric spectra. We also verify this experimentally. Figure 4(a) shows that the magic field follows a linear dependence with the power of the pump beam. It satisfies well with that the magic field has same magnitude with the light shift of the 87 Rb atomic vapor. Additionally, we show that the asymmetric ratios of the formic acid doublet are linearly dependent on the power of the pump beam, as shown in Fig. 4(b) . Similar to the magic field, there exists a specific pump beam power for observing symmetric spectra.
Asymmetric ultralow-field NMR spectroscopy provides the information of the sign of the Landé g factor of NMR systems. We proof that the regions I and III (see Fig. 3 ) have same asymmetry, which is relevant to the sign of the Landé g factor of NMR systems. For example, formic acid doublet both show negative asymmetry in the regions I and III. This implies that the Landé g factor of the manifold (k = 1/2, f = 1) in formic acid is positive. We analyse it as follows. If the Landé g factor is positive, ν 1 > ν 2 in the region I, and ν 1 < ν 2 in the region III. In the region I, the phase difference at the frequency ν 1 between the magnetometer signals along x and y axes is equal to −π/2+[Φ x (ν 1 , B z )−Φ y (ν 1 , B z )], which is smaller than π/2 [35] . While, at the frequency ν 2 , the phase difference, π/2+[Φ x (ν 2 , B z )−Φ y (ν 2 , B z )], is larger than π/2. Based on the calculation of trigonometric function synthesis (see the Supplemental Material [35] ), the amplitude of the NMR peak at frequency ν 1 is larger than that at frequency ν 2 . And because of ν 1 > ν 2 , the spectral asymmetry is negative asymmetry. In the region III, due to −π/2 < Φ x (ν i , B z ) − Φ y (ν i , B z ) < 0, the phase difference of frequency ν 1 (ν 2 ) is larger(smaller) than π/2. Now, the amplitude of the NMR peak at frequency ν 1 is smaller than that frequency ν 2 . In the region III, ν 1 > ν 2 , and the spectra still show negative asymmetry. Thus, the regions I and III have same negative asymmetry, which corresponds to the positive Landé g factor. Similarly, when the sign of the Landé g factor of relevant manifold is negative, the NMR spectra show positive asymmetry. The above analysis is not limited to formic acid, and can be generalized to general NMR systems.
Conclusions.-We have developed a new comprehensive model for explaining the origin of ultralow-field NMR asymmetric spectroscopy, which keeps unclear before. The key point in the model is to introduce the response function of phase and amplitude in quantum sensor, e.g., atomic magnetometers, an important subtlety which is essential for explaining asymmetric ultralow-field NMR spectroscopy. In the meantime, we demonstrate that there exists a specific magnetic field and pump beam power for achieving symmetric NMR spectra. It is interesting to note the asymmetric spectroscopy provides an extraordinary tool to obtain additional information of systems, such as the light shift of atomic vapors and the sign of Landé g factor of NMR systems. Although experimentally demonstrated with atomic magnetometers, our approach could be applied to a variety of systems, such as using nitrogen-vacancy centres in NMR or electron spin resonance detections [41, 42] .
